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Abstract—In this work, a design of large-bandwidth high-gain low-noise transimpedance amplifier (TIA) for 
scanning tunneling microscope (STM) is proposed. The simulations show that the proposed TIA has the 
bandwidth higher than 200 kHz, two orders of magnitude higher than those of conventional commercial TIAs 
for STM. At low frequencies, the noises of the proposed TIA are almost the same as the conventional com- 
mercial ones with the same transimpedance gain. At high frequencies, its calculated input equivalent noise 
voltage power spectral density (PSD) is 40 nV?/Hz and its input equivalent noise current PSD is 3.2 fA?/Hz 
at 10 kHz. The corresponding values are 23 nV/Hz and 88 fA?/Hz at 100 kHz. The STM with the proposed 
TIA can meet the needs of fast high-quaility STM imaging measurements and fast high-energy-resolution 
scanning tunneling spectra measurements for the low-conducting materials, such as complex organic systems 


and wide bandgap semiconductors. 


DOI: 10.1134/S0020441223020264 


1. INTRODUCTION 


High performance transimpedance amplifier (TIA) is 
a key element in scanning tunneling microscopy/spec- 
troscopy [1, 2]. For the application of scanning tun- 
neling microscopy (STM) to investigate complex 
organic systems, such as biological macromolecules 
(DNA [3], RNA [4—6], and proteins [7], etc.) and 
membranes [8], one of the main problems is the ability 
for the biological samples to sustain only an extremely 
low current [9]. Furthermore, for many biological 
samples, due to their variability, the real-time obser- 
vation is required, so fast STM imaging measurements 
with high-quaility and fast scanning tunneling spec- 
troscopy (STS) measurements with high-energy-reso- 
lution are necessary. For the application of STM to 
investigate low-conductivity semiconductor materials, 
such as wide bandgap semiconductors, the tunnel cur- 
rent is typically less than 100 pA [10]. In semiconduc- 
tor industry, the fast high-quaility STM imaging mea- 
surements and fast high-energy-resolution STS mea- 
surements for quality tests of wide bandgap 
semiconductors are urgently needed to meet the high 
production efficiency. For the conventional TIA in 
STM with the gain higher than 1 GV/A the typical 
bandwidth is less than | kHz [1, 11], which is too low 
for fast imaging measurements and fast STS measure- 
ments. Therefore, the STM with the conventional TIA 
[11] is not suitable for these measurements. 


In this work, a TIA for STM with transimpedance 
gain of 10 GV/A and bandwidth larger than 200 kHz is 
proposed. Its transient response time is only 3.5 us. 
Its equivalent input noise voltage PSD is only 
23 nV*/Hz in f >100 kHz. Its equivalentinput noise 
current PSD is only 4.7 fA?/Hz at 10 kHz, and 
88 fA?/Hz at 100 kHz. For the various low-conductiv- 
ity materials, fast high-quaility STM imaging mea- 
surements and fast high-energy-resolution STS mea- 
surements can be performed with this apparatus. 


2. DESIGN OF STM-TIA AND ITS 
ELECTRICAL PERFORMANCES 


Figure 1 shows the circuit of the proposed TIA. 
It consists of several components: the pre-amplifier 
(Pre-Amp) shown in dashed box (A,) of Fig. 1 and the 
post-amplifier (Post-Amp) shown in dashed box (A,), 
the compensated feedback network shown in dashed 
box (B). The two stage amplifier made of the Pre-Amp 
and Post-Amp is called as inverting amplifier (Inv- 
Amp). The Inv-Amp is connected with the feedback 
network to form TIA. The circuit shown in dashed box 
(C) of Fig. 1 is called as signal source circuit. The TIA 
is connected with the signal source circuit to form 
STM-TIA. The parameters of all components of the 
STM-TIA circuit are listed in Table 1. 
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(Ai) 


Fig. 1. STM-TIA circuit. Pre-Amp is shown in dashed box (A,), Post-Amp—in dashed box (A), the compensated feedback net- 
work—in dashed box (B), the signal source circuit—in dashed box (C). 


2.1. Design of Pre-Amp 


The Pre-Amp is a noninverting amplifier consisting of 
a commercial operational amplifier (OPA) OPA657 [12] 
and two resistors Rẹ and R; [13]. Ca is the parasitic capac- 
itance of Ra. The loop gain of the Pre-Amp is 7, ,(/) = 
a (AB), where a,)(/) is the open-loop voltage gain of 
OPA657 and 8, (/) is the feedback factor of the noninvert- 


ing amplifier; aa) = dao/( + ifo) and Bi(f) ~ 


I) at Puc) Here, dex 
RA + j2nfCy) 1+ J20fRaCr 

is the open-loop voltage gain of OPA657 for f—>0, fi, 

is the upper cut-off frequency of OPA657, Cie is the 

common-mode input capacitance of OPA657, C; is its 

differential input capacitance, and R,, is the input 

resistance of OPA657. 
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Fig. 2. TINA-TI simulation results for the loop gain of Pre- 
Amp Tii). As |T Alag > 0 dB, 2(7),)(f)) > —70°. 
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T,,(/) is simulated by TINA-TI [14], and the sim- 
ulation results are shown in Fig. 2. At fı where the 
moudulus |T; (lag = 0 dB, the argument (T A) = 
—82°, namely its phase margin of stability of the Pre- 
Amp is 98°. |T (Alag decreases monotonously with 
the increase of f, so its gain margin of stability is much 
greater than 6 dB. The voltage gain of the Pre-Amp is 


Ra 1 

R 1+ Ra /(aa R) + j2TfRyCy 

IA, (Alan and 2(A,,(f)) are simulated by TINA-TI, 
(see Fig. 3), A,,(/) is identical with the calculated 
value obtained with Eq. (1). Figure 3 shows that the 
upper cut-off frequency (3 dB drop of frequency) for 
A (f), is fx; = 3.56 MHz, and 2(A,,(f,,)) = 43.6°. 


There is no “gain peaking” on the curve of |A,,(/)lap, 
so the stability of the circuit is verified [13]. 


(1) 


A,, (f) = 


2.2. Design of Post-Amp 


The Post-Amp is an inverting amplifier consisting 
of a commercial OPATHS4021 [15] and two resistors 
Rp and R, [13]. Cp is the parasitic capacitance of Rp. 
The loop gain of the Post-Amp is Tuf) = aa (ABA), 
where a,,(/) is the open-loop voltage gain of THS4021 
and B,(/) is the feedback factor of the inverting ampli- 
fier; af) = ay/1 + Hifa) and BY) ~ 
y l Ro j2nfO, 

1/ (1+ o 

R (1+ j2nfCp) 1+ j2mfRoCp 
the open-loop voltage gain of THS4021 for f— 0, f» 
is the upper cut-off frequency of THS4021, C, is the 
input capacitance of THS4021, and R,, is the input 
resistance of THS4021. 


. Here, a,zo 1S 


Vol.66 No.2 2023 


352 


T,>(/) is simulated by TINA-TI, and the simula- 
tion results are shown in Fig. 4. At fa where the moud- 
ulus |T lg = 0 dB, the argument 2(7,,(f)) = 
—64°, namely the phase margin of stability of the 
Post-Amp is 116°. |7,>(/)|gn decreases monotonously 
with the increase of f, so its gain margin of stability is 
muchg reater than 6 dB. The voltage gain of the Post- 
Amp is 


Meg —> = — - 1 ~~ =~ 
Ry 1+ Ro /(a..R)) + j20fRoCp ` 


|A,(Mlaz and Z(A(f)) shown in Fig. 5 are simulated 
by TINA-TI; A,,(/) is identical with the calculated 
results obtained with Eq. (2). As shown in Fig. 5, the 
upper cut-off frequency for A\,(/) is fa = 2.12 MHz 
and 2(A,.(f,2)) = 134°. There is no “gain peaking” on 
the curve of |A,,(/)|gz, so the stability of the circuit is 
verified [13]. 


Ay (f) E (2) 


2.3. Inv-Amp Performances 


Cascade the Pre-Amp and Post-Amp to form the 
Inv-Amp. Both the Pre-Amp and Post-Amp are sta- 
ble. The output resistance of the Pre-Amp is less than 
10 Q, and the input resistance of the Post-Amp is no 
less than 500 Q. Therefore, the Inv-Amp is also stable. 
The open loop gain of the Inv-Amp is 


ay (f) = An (f) Af). (3) 


Figure 6 shows the TINA-TI simulation results for the 
open loop gain of the Inv-Amp a,(/). The frequency cor- 
responding to 2(a,) = 135° is fiw = 1.47 MHz. There is 
no “gain peaking” on the curve of |a,(/)|qp, so the sta- 
bility of the circuit is verified. 


2.4, Frequency Compensition of Feedback Loop 


The Inv-Amp is connected with the feedback net- 
work to form TIA. In order to increase the bandwidth 
of the TIA with the large freedback resistor Rp, fre- 
quency compensation must be used in the feedback 
loop, since the effect from the parasitic capacitance Cp 
of the freedback resistor Rp cannot be ignored at high 
frequencies. In Ref. [16], a very simple design of a 
feedback circuit with bandwidth compensation has 
been proposed. As shown in dashed box (B) in Fig. 1, 
taking C, ~ kCp, where k = 104, adjust R, ~ Rp/k to 
achieve R,C, = R Cr. Supposing the output voltage of 
the Inv-Amp is y and the current flowing through the 


feedback loop to the input N of the Inv-Amp is ip, 


aes eee Ro+ Re Rp l 

ip 1+ j2afR,C, 14+ j2nfR,C,, 

In this work, Rp = 10 GQ, C ~ 0.3 pF, R~ 1 MQ, 
and C, ~ 0.2 pF, so that fe =1/(27fR,C,) is about 800 
kHz. In (0, 100 kHz) range, |Z,(f)| ~ Rp/|1 + j2mfR,C,] 


(4) 
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Table 1. Parameters of all components of CryoSTM-TIA 
circuit 


Pre-Amp 
OPA657 
10 75.6 dB Sib 480 kHz 
Cic 4.8 pF Cı 0.7 pF 
Ria 10 TQ Vip 5V 
e2, (f2 100kHz)| 23 nV2/Hz 2, 1.7 £42/Hz 
Ry 150 KQ Cr ~0.2 pF 
R; 500 Q 
Post-Amp 
THS4021 
4420 97.5 dB Jo 14 kHz 
C2 1.5 pF Raa 5 MQ 
Vo 15 V 
e2, f2 10kHz) | 2.25 nV*/Hz |i2, (f> 10kHz)| 4pA?/Hz 
Ry 500 Q Ci 50 pF 
Feedback network 
Rpg 10 GQ Cr ~0.3 pF 
Rk 1 MQ Ck ~0.2 pF 
Ce 3 nF 
Singal source circuit 
Ci ~0.5 pF 
R; 210 MQ C ~10 fF 


> Reis 1.008 and |Z,(f)| < Rp, so Z-(f) can be consid- 
ered equal to Rp in (0, 100 kHz] range. 


2.5. Circuit Stability of STM-TIA 


The differential resistance of the tip-sample tunnel 
junction (TJ) in the signal source circuit is R}, and its 
parallel capacitance is C}. In this work, R; = 10 MQ, 
and C is usually of the order of fF [17]. BMS in Fig. 1 
represents a voltage source, providing the applied DC 
bias and modulating signal voltage. C; is the capacitance 
of the cable connecting the tip to the TIA input N. If the 
cable is lcm long, the value of C; is about 0.5 pF. 


The loop gain of the STM-TIA (see Fig. 1) is 


Ti (F) = aa (SBP) =a (N/R), © 
where, B(A) is the feedback factor of the TIA, and 

its reciprocal is 
YB(f) =1+ Ze (SF) (IR +1/Ra + j2afC). (6) 
Here ZA) = R/L +j2nfR;C) and C= Ca + C + C. 
C, is the input capacitance of the Inv-Amp, C, = Cie + 
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Fig. 3. TINA-TI simulation results for the gain of Pre-Amp 
Ayı(f). The upper cut-off frequency for Ayı (f) is fy) = 
3.56 MHz and2 (4y1(fh1)) = 43.6°. They are identical with 


the calculated results obtained with Eq. (1). 
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Fig. 5. TINA-TI simulation results for the gain of Post- 
Amp A„(f). The upper cut-off frequency for A,(f) is 
fa = 2.12 MHz and 2(A,9(f,2)) = 134°. They are identical 


with the calculated results obtained with Eq. (2). 


C, =5.5 pE R, isthe input resistance of the Inv-Amp, and 
Ry = Ra = 10 TQ. 1/B(/) with C = 0 for R= 10 MQ is 
calculated from Eq. (6), and the results are shown in 
Fig. 6. The frequency where |1/B|4, is equal to Ja lag is 
denoted as f, = 235 kHz, and f. << fin; ZU/B(S)) is 
always smaller than 90°. Therefore, as |T (Alag > 0 dB, 
Z(T(f)) > —135°. Figure 7 shows the simulated 
moudulus |T; (Ðl and argument 2(7,({)); as 
IT.Nlag > 0 dB, 2(T(/)) > —95°. Since |T Plas is 
monotone decreasing with the increase off, the Inv-Amp 
circuit is stable [13]. The above conclusions for the circuit 
stability are still valid for R; > 10 MQ with C, = 0 pF. 


2.6. Transimpedance Gain of TIA 


Applying a sinusoidal current source i, in parallel 
with TJ, the generated output voltage of the STM-TIA 
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Fig. 4. TINA-TI simulation results for the loop gain 7] >(/) 
of Post-Amp. As |7,(/)lag > 0 dB, Z(72(/)) > —90°. 
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Fig. 6. TINA-TI simulation results for the open loop gain 
of Inv-Amp a4 (f) and the calculated results for the recip- 


rocal of the feedback factor of the TIA 1/B(/). The fre- 
quency for Z(a,) = 135° is finy = 1.47 MHz. The frequency 


for |1/Blqp qual to |a,lqp is denoted asf, = 235 kHz.f. << finv- 
Z(aa(finv)) > 135° in f< finy and 2(1/B(f)) < 90°. Ther- 
fore, as |T Lag > 0 dB, Z(T,(f)) > —135°. 


is v,, and A, =v,/i, is called as the transimpedance 
gain of the STM-TIA. In (0, 300 kHz], A; is 


Z 
A, = E . (7) 
1 Zp Ze : Zr (Cy +C) 
1-— j2af ————— 
dy ayRy ay, ay 


Disconnecting the TIA from the signal source circuit, 
and applying a sinusoidal current source Åy into the 
input of the TIA, the output voltage is V r, and 


Air = Vor /i, is called as the transimpedance gain of the 
TIA. In (0, 300 kHz], A; is 


Ar = Z : (8) 
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Figure 8 shows the TINA-TI simulation results for 
Aiz(/)/ Re. There is no “gain peaking” on the curve of 
|A:+(f)/Reagp, so the stability of the circuit is verified. 
As shown in Fig. 8, the upper cut-off frequency for 
Ai(f)/Re is far = 216 kHz and Z2(A;tGpr)/ Rp) = 127°. 
Therefore, for the proposed TIA, it is achieved high- 
gain and large-bandwidth. According to Eq. (7), with 
the increase of the cable length between the tip and the 
TIA input, i.e., the increase of Cj, the bandwidth for 
the STM-TIA is reduced. Therefore this cable should 
be as short as possible. Comparing Eq. (7) and Eq. (8), 
as R; 2 0.001 Rp and C; << C,, the upper cut-off fre- 
quency of the STM-TIA is apprxomitely equal to fir, 
so a high gain is achieved at large-bandwidth for the 
proposed STM-TIA. 


2.7. Transient Response of STM-TIA 


Figure 9 shows TINA-TI simulation results for the 
transient response performance of the STM-TIA with 
R; = 10 GQ. The dashed curve is the input up-step sig- 
nal voltage V;,,, and the solid curve is the response out- 
put voltage V,. The time taken from adding the input 
step signal voltage to the output response is called 
transient response time ¢,, and f, < 3.5 us as shown in 
Fig. 9. Furthermore, there are no “ringing” and 
“overshoot” characteristics on the output response 
curve, which also verifies the stability of the circuit. 


3. NOISE PERFORMANCES OF STM-TIA 


3.1. Equivalent Input Voltage Noise and Equivalent 
Input Current Noise of TIA 


For the TIA, its equivalent input noise voltage is 
denoted as ey, its equivalent input noise current is iy, 
and their harmonic components of frequency fare Er 
and Jy, respectively. 

For the TIA, the circuit containing all noise 
sources is shown in Fig. 10. The equivalent input noise 
voltages of OPA657 for their two inputs are denoted as 
eip and ein, respectively, and their harmonic compo- 
nents of fare denoted as Ep and En, respectively. The 
equivalent input noise currents of OPA657 for their 
two inputs are denoted as /,, and iin, respectively, and 
their harmonic components of fare denoted as /;, and 
Tin, respectively. The noise voltages of the resistor R, 
and the feedback resistor Rp are denoted as e, and ep 
respectively, and the harmonic components of f are 
denoted as E£; and E;,, respectively. The equivalent 
input noise voltage of THS4021 is denoted as e,,, and 
its harmonic component of f is denoted as Fa. The 
equivalent input noise current of THS4021 is denoted 
as i, and its harmonic component of f is denoted as 
I,,. The noise voltages of the resistor R, and the feed- 
back resistor Rp are denoted as e, and ep, respectively, 
and their harmonic components of fare denoted as £, 
and Ep, respectively. For the noise estimation, the 
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Fig. 7. TINA-TI simulation results for the loop gain Ti (f) 
of STM-TIA with RA = 1 MQ. As |Ti(f)lag > 0 dB, 
Z(T,(f)) > —95°. 
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Fig. 8. TINA-TI simulation results for Ayr( f )/Rp, Air is 
the transimpedance gain of the TIA in the STM-TIA. 
lAir(nr)/Relag = —3 dB and Z(Aip(fyr)/Rp) = 127° at 
Sut = 216 kHz. 
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Fig. 9. TINA-TI simulation results for the transient 
response of the proposed STM-TIA. The dashed curve is 
the step input signal V;, and solid curve is the output 
response V,. Transient response time is 7, < 3.5 us. There is 
no “‘ringing’’ and ‘‘overshoot’’characteristics on the out- 
put response curve, verifying the circuit stability. 
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Fig. 10. Equivalent differential circuit of TIA containing all noise sources. 


compensated feedback network in dashed box (B) of 
Fig. 1 can be simplified to a resistor of Rp. The noise 
voltage of Rp is denoted as ep, and the harmonic com- 
ponents of fare denoted as Ep. 


As input N is grounded, the output noise of the 
TIA is denoted as e,,. The equivalent input noise volt- 
age of the noiseless circuit of the TIA ey as the input 
signal is added on input N, and the output noise is e,,.. 
For calculating er, the equation is established on e,, = 
ewe- Therefore, by the nodal analysis method: 


R 
Er = Ep En — Lin a Ea- £, 
fl 
aR +R 
al fl E (9) 
Ra 
(4 + Ale, yg ee lak 

a, Ra Rp 


As input N is open-circuit, the output noise of the 
TIA is denoted as e,;. The equivalent input noise volt- 
age of the noiseless circuit of the TIA iy as the input 
signal is added on input N, and the output noise is egie- 
For calculating iy, the equations are established on 
loi = Scie. Therefore, by nodal analysis method, 


Ir = ip — (20fC,, (Ep — Er) + (Er + Ep) / Re. (10) 


E Ei E , ees 
From , by Wiener—Khintchine the- 
ie 
ex eri : 
orem,| — _ [can be obtained [18, 19]. The small 
irer i 


quantities in the Pre-Amp, such as the thermal noise 
of R, and Ra can be ignored. All noises produced in 
the Post-Amp can also be ignored [19]. Therfore, 


INSTRUMENTS AND EXPERIMENTAL TECHNIQUES 


el. = ep + e, = ens (11) 
2 ~i2, + (nf) Ce, + 4kpT [Ry +(e, + eh) / Re 


= i, +2(nf) Cree, + 4kpT |R; + enf Re, 


eriy = (irer)* = —f2TfC\.€in + (ep + e2, )/ R; 


: A 
= -JAC Ca T el [Re s 


(12) 


(13) 


Here, e = 4k,TR, is the thermal noise of Rp, and 
it is only 1.6 fA?/Hz at room temperature. 
e p= en = e; f I 2 and e;, is the announced equivalent input 
noise voltage PSD of OPA657, which is 40 nV?/Hz at f= 
1 kHz and 23 nV?/Hz in f2 100 kHz [12]; in = in and 
i,, is the announced equivalent input noise current 
PSD of OPA657, which is only 1.7 f{A?/Hz [12]. There- 
ore, e; is 40 nV2/Hz and ï is 3.2 fA2/Hz at 1 kHz, e+ 
is 40 nV2/Hz and i; is 3.2 fA2/Hz at 10 kHz, and e; is 


23 nV2/Hz and iz is 88 fA?/Hz at 100 kHz [12]. For 
FEMTO DE-DLPCA-200 with the gain of 1 GV/A, 


ex is 16 nV2/Hz and i; is 18.5 fA2/Hz at 1 kHz. For 
FEMTODE-LCA-200-10G with the gain of 10 


GV/A, ex is estimated as 81 nV*/Hz at 1 kHz and i is 
larger than 2.3 fA?/Hz at 1 kHz. The proposed TIA has 
the bandwidth higher than 100 kHz, and the noises of 
the proposed TIA are almost the same as the commer- 
cial ones with the same transimpedance gain at 1 kHz. 


3.2. Inherent Noise of STM-TIA 


The inherent noise of STM-TIA can be described 
by a virtual noise current source i in parallel with TJ, 
Vol. 66 
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Fig. 11. DC circuit scheme for STM-TIA. The input offset 
voltage of Inv-Amp is denoted. 


whose noise current PSD is called the equivalent input 


noise current PSD of STM-TIA, denoted as i or 


i, (f). According to the noise model of the amplifier 


[19], 


22 2 222 
in = ip +[l/ R + (2af) Cle 
1 +R + (2nf)” Coles aa) 


where Cy = C + Cj. 
Putting Eqs. (11), (12), and (13) into Eq. (14), 


i, = in + 2(af) (C? + Chen 


(15) 
+ 4kpT [Rp + (1/ Re +1/R) eh,- 


4. DC TUNNELLING CURRENT 
MEASUREMENT ACCURACY 
WITH THE PPOPOSED TIA IN STM 


The Inv-Amp in the TIA has the input offset volt- 
age Vos, as shown in Fig. 11. It is easy to prove that 
Vos ~ Vor, where Vo is the input offset voltage of 
OPA657. In Fig. 11, as switch K is open, for TIA, Vos 
will cause a non-zero DC voltage Via at the output, 
and V,,, can be measured. It is also easy to prove that 
Via ~ —Vog [17]. As switch K is closed, the STM-TIA 
is formed. For the STM-TIA, applying the input volt- 
age V;, the potential at input N is Vy and at the output 
O the voltage is V, which can be measured. The DC 
tunneling current is Z= (V; — Vx)/R, where Ris TJ DC 
resistance corresponding to V;. For the STM-TIA, /= 
(Vx — Vo)/Rp and V, = ago(Vx + Vos). 


Is = (Via — Vo)/Rr is the approximate value of the 
DC tunneling current Z. For the STM-TIA, since 
aso ~ —90000, |Z — Js|/|/| as the relative error for the DC 
tunneling current J is less than 12 ppm. The bias drop on 
TJ is V= Vi— Vx = i= Via — (Vo — Via)/( — aso); as 
R;2 10 MQ, so V, — Via can be considered as the 
approximate value of V and the relative error is less 
than 1/89. 
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5. CONCLUSIONS 


In this work, a large-bandwidth high-gain low- 
noise transimpedance amplifier (TIA) for STM is pro- 
posed to meet the needs of fast high-quaility STM 
imaging measurements and fast high-energy-resolu- 
tion STS measurements for low-conductivity materi- 
als. For the noises of the proposed TIA, as the calcu- 


lation results, ef is 40 nV2/Hz and i; is 3.2 fA2/Hz at 
1 kHz, eż is 40 nV2/Hzand i; is 3.2 fA2/Hzat 10 kHz, 


and eż is 23 nV?/Hz and i; is 88 fA2/Hz at 100 kHz. 
According to the simulation results, the proposed TIA 
has a bandwidth of over 200 kHz, and the noises of the 
proposed TIA are lower than the commercial ones 
with the same transimpedance gain at 1 kHz. This 
apparatus is very suitable to be equipped in STM for 
researches of complex organic systems and quality 
tests of wide bandgap semiconductors in semiconduc- 
tor industry. 
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